J oint replacement procedures, including knee arthroplasty, are among the more expensive procedures that are regularly performed among Medicare beneficiaries 1 . Unicompartmental knee arthroplasty has emerged as a less-invasive alternative to total knee arthroplasty for patients with limited arthritis who are thought to be candidates for partial joint replacement 2 . The potential advantages of unicompartmental knee arthroplasty include the preservation of bone stock, less surgical exposure, improved knee motion, better knee kinematics, a shorter operating time, lower blood loss and transfusion rates, a lower infection rate, shorter inpatient stay, faster recovery, and lower cost.
However, the indications for unicompartmental knee arthroplasty remain controversial 3 . The classic recommendation is to restrict unicompartmental knee arthroplasty to patients who are older than sixty years of age and have unicompartmental osteoarthritis or focal osteonecrosis and who weigh <82 kg and do not perform heavy labor 4 . Adherence to these criteria can result in excellent intermediate and longterm outcomes 5, 6 ; however, surgeons using more permissive criteria also have reported good long-term results 2 . There is conflicting evidence regarding implant survivorship after unicompartmental knee arthroplasty and total knee arthroplasty. Many studies have found that the predicted survivorship is superior following total knee arthroplasty [7] [8] [9] [10] , whereas others have found it to be comparable between the two procedures [11] [12] [13] . Despite these controversies, the use and outcomes of unicompartmental knee arthroplasty and total knee arthroplasty among the population of older patients, who are the primary candidates for arthroplasty, have not been well described. Therefore, we evaluated trends in the use of unicompartmental knee arthroplasty and total knee arthroplasty among Medicare beneficiaries and the outcomes, including complication and revision rates, for patients who had undergone these procedures. After adjusting for patient characteristics, geographic region, and surgeon and hospital characteristics, we also assessed the relative risks of perioperative clinical complications and long-term revision and removal.
Materials and Methods

Data Sources
W e obtained research-identifiable inpatient, outpatient, and carrier standard analytic files and the corresponding denominator files for a nationally representative 5% sample of Medicare beneficiaries from the Centers for Medicare & Medicaid Services (CMS) from January 1, 1999 through December 31, 2009. The files included institutional inpatient claims for facility costs covered under Medicare Part A and outpatient files and noninstitutional provider claims for services covered under Medicare Part B. The Medicare denominator files included demographic characteristics, death dates, and program eligibility and enrollment information. Only claims from periods of fee-for-service Medicare coverage were included. The institutional review board of the Duke University Health System approved the study.
Study Cohorts
The general cohort included fee-for-service Medicare beneficiaries who were sixty-five years of age or older and who were living in the United States between January 1, 2000, and December 31, 2009. To identify total knee arthroplasty and unicompartmental knee arthroplasty, we searched for partial and total knee replacement (Current Procedural Terminology [CPT] codes 27446 and 27447, respectively) among the carrier claims for these beneficiaries. We excluded nonelective procedures for fracture treatment (see Appendix for the diagnosis codes used in the study). We counted one knee-replacement procedure per patient per day and excluded claims for surgical assistance (CPT modifier code AS or 80, 81, or 82) to avoid double-counting. We considered any claim with the modifier code 50 for a same-day procedure or two claims from separate days within one year for a staged procedure as indicating a bilateral procedure. All other procedures were considered unilateral. For patients who had multiple procedures, we included the earliest procedure.
We restricted the analysis to patients who had been enrolled in fee-forservice Medicare for at least 365 days before the procedure. We used service dates to link each carrier claim to an inpatient or outpatient claim and retained the Medicare hospital identifier.
Patient Characteristics
Demographic characteristics included age, sex, and race. Medicare beneficiaries report race at the time of enrollment. We used the reported categories ''black'' and ''white'' and combined all other categories as ''other.'' With the use of previously validated coding algorithms 14, 15 , we searched the claims files from the 365 days before the procedure date for comorbid conditions including cancer, cerebrovascular disease, chronic obstructive pulmonary disease, congestive heart failure, dementia, diabetes mellitus, hypertension, ischemic heart disease, myocardial infarction, peripheral vascular disease, and renal disease. We also searched for osteoarthritis and rheumatoid arthritis. We used enrollment codes from the procedure year to ascertain Medicaid eligibility, a marker of socioeconomic status. We derived a variable indicating residence in a rural area by linking the Medicare zip code of residence to rural-urban commuting area codes 16 and through the use of the University of Washington Categorization C algorithm 17 .
Physician and Hospital Characteristics
After linking performing physicians' unique physician identification numbers from carrier claims to the 2005 American Medical Association (AMA) Physician Masterfile, we obtained physicians' primary and secondary specialties, sex, and year of medical school graduation. We classified physicians as orthopaedic surgeons if the primary or secondary specialty was orthopaedic surgery, hand surgery/orthopaedic surgery, orthopaedic adult reconstructive surgery, orthopaedics (foot and ankle), orthopaedic surgery of the spine, or orthopaedic surgery-trauma. We also used the CMS physician specialty code on the carrier claim to classify physicians as orthopaedic surgeons. We obtained hospital characteristics from the American Hospital Association (AHA) annual surveys from 2000 through 2008, including membership in the Council of Teaching Hospitals, primary hospital service, number of beds, annual number of Medicare and Medicaid discharges, and rural location. We linked patients to hospitals with the use of Medicare hospital identifiers and the AHA survey year closest to the procedure year.
Outcomes
The outcomes of interest were the rates of all-cause mortality, myocardial infarction, thromboembolic events, and infection within one year; and the rate of implant revision or removal within five years. We determined all-cause mortality with use of death dates in the denominator files. We identified acute myocardial infarction on the basis of a diagnosis in the first or second position on an inpatient claim with a minimum duration of stay of three days (or death) and a maximum duration of stay of 180 days 18 . Thromboembolic events included pulmonary embolism, deep venous thrombosis, or other venous thrombosis as the primary diagnosis on an inpatient claim. We identified deep infection at the site of an internal joint prosthesis on the basis of an ICD-9-CM (International Classification of Diseases, Ninth Revision, Clinical Modification) diagnosis code of 996.66 in any position on an inpatient, outpatient, or carrier claim 19 . Revision procedures (CPT code 27486 or 27487) and removal procedures (CPT code 27488) were identified on carrier claims. e174(2) 
Statistical Analysis
We examined baseline characteristics of the overall cohort by study year and tested for differences between years with the use of the chi-square test for categorical variables and the Kruskal-Wallis test for continuous variables. For calculations of procedure rates, we treated the data for each year as a cross-sectional panel and calculated rates per 100,000 person-years. Person-years were determined on the basis of the total number of days that patients were alive and enrolled in fee-forservice Medicare and accounted for gaps in enrollment. We used the direct standardization method to calculate annual age-adjusted procedure rates. We used the pooled population as the standard population for age adjustment. For baseline characteristics, we present categorical variables as percentages and continuous variables as the mean and the standard deviation (SD). We tested for differences between the total knee arthroplasty and unicompartmental knee arthroplasty groups with use of the chi-square test for categorical variables and the Kruskal-Wallis tests for continuous variables. We report unadjusted outcome rates stratified by procedure type. We used the Kaplan-Meier method to estimate the rates of mortality, myocardial infarction, thromboembolic events, and infection at ninety days, 180 days, and one year and the rates of implant revision and removal at one year and five years. We used the log-rank test to assess differences in outcomes by procedure type. For outcomes other than mortality, we censored data at the earliest of the date of death, the date of managed care enrollment, or the end of the study period. For mortality, we censored data at the earliest of either the date of managed care enrollment or the end of the study period.
We used the Cox proportional-hazards model to examine unadjusted and adjusted predictors of each outcome among all patients. We censored data at the earliest of: the date of death, the date of managed care enrollment, or the end date of the study period. We excluded 2524 patients because of missing AMA or AHA data. In multivariable analyses, we modeled mortality at one year, myocardial infarction at one year, thromboembolism at one year, infection at one year, revision at five years, and removal at five years to assess the relative effects of procedure type after adjustment for age, sex, race, medical history, duration of stay for the knee replacement procedure, Medicaid eligibility, rural residence, geographic region, year of procedure, physician specialty, number of years since the physician graduated from medical school, hospital membership in the Council of Teaching Hospitals, number of beds, and rural location. We used robust standard errors to account for clustering of patients within hospitals. In sensitivity analyses, we included categorical variables or quadratic terms for patient age and physician years from graduation to examine nonlinear effects.
We used a significance level of 0.05 and two-sided tests for all hypotheses.
Source of Funding
There was no external funding source for the study.
Results
I
n each study year, the Medicare 5% sample included approximately 1.4 million individuals who were sixty-five years of age or older. The mean age was seventy-five years; 34% of the patients were men, and 92% were white. Figure 1 -A shows the age-adjusted incidence of total knee arthroplasty, and Figure 1 -B shows the age-adjusted incidence of unicompartmental knee Figs. 1-A and 1-B Line graphs showing the age-adjusted incidence of unilateral total knee arthroplasty ( Fig. 1-A) and unilateral unicompartmental knee arthroplasty ( Fig. 1-B e174 (5) arthroplasty. The procedure rate was twenty-one times higher for total knee arthroplasty (597 per 100,000 person-years) than for unicompartmental knee arthroplasty (twenty-nine per 100,000 person-years). The use of total knee arthroplasty increased 1.7-fold and use of unicompartmental knee arthroplasty increased 6.2-fold from 2000 to 2009. Table I shows the baseline characteristics of the two groups. The total knee arthroplasty group had greater proportions of women and black patients. The total knee arthroplasty group also had a higher prevalence of heart failure, hypertension, peripheral vascular disease, and rheumatoid arthritis. The mean duration of stay was significantly longer in the total knee arthroplasty group (3.9 days compared with 2.4 days; p < 0.001). A greater percentage of hospitals in which total knee arthroplasty was performed were members of the Council of Teaching Hospitals and indicated orthopaedics as the primary service. Table II summarizes the unadjusted outcomes for the patients who underwent total knee arthroplasty or unicompartmental knee arthroplasty. The total knee arthroplasty group had greater mortality at ninety days, 180 days, and one year. The difference in the rates of myocardial infarction was not significant. The total knee arthroplasty group had a higher rate of thromboembolic events at ninety and 180 days and a higher rate of infection at ninety days, 180 days, and one year. The revision rate in the unicompartmental knee arthroplasty group outpaced that in the total knee arthroplasty group during the five years after the index procedure (Table II and Fig. 2) . The revision rate was 1.2% at one year and 3.7% at five years in the total knee arthroplasty group, compared with 2.3% at one year and 8.0% at five years in the unicompartmental knee arthroplasty group. Despite the higher rate of infection in the total knee arthroplasty group, there was no difference in the rate of implant removal due to infection within one year and five years after the index procedure. This finding may indicate a relatively greater attempt at component retention during the treatment of periprosthetic infection in the total knee arthroplasty group. Table III and tables in the Appendix show unadjusted and multivariable-adjusted hazard ratios (HRs) for short-term clinical complications and long-term revision and removal following unicompartmental knee arthroplasty as compared with total knee arthroplasty. Although unicompartmental knee arthroplasty was associated with significant reductions in the one-year risks of mortality (HR = 0.65; 95% confidence interval [CI] = 0.44 to 0.97) and infection (HR = 0.67; 95% CI = 0.49 to 0.91), the magnitudes of the associations were small and the associations were not significant after multivariable adjustment. Unicompartmental knee arthroplasty was associated with a 2.3-times higher risk of revision at five years in the unadjusted analysis. After adjustment for patient and provider characteristics, the association remained significant and increased slightly in magnitude (HR = 2.4; 95% CI = 2.03 to 2.83).
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Significant predictors of revision in the total knee arthroplasty group after multivariable adjustment included age, male sex, chronic obstructive pulmonary disease, congestive Kaplan-Meier cumulative incidence of unadjusted five-year revision rates after unilateral total knee arthroplasty or unilateral unicompartmental knee arthroplasty. 20, 2013 heart failure, and duration of stay (see Appendix). Increasing age was associated with a lower hazard of revision. The sensitivity analysis suggested a negative linear association of age with the hazard of revision. Compared with patients who were sixtyfive to sixty-nine years old, those who were seventy-five to seventynine years old had an approximately 40% lower hazard of revision and those who were eighty to eighty-four years old had approximately half the hazard of revision. Although we found a 3% higher hazard of revision per five-year increase since the physician graduated from medical school, sensitivity analysis indicated that this effect was not linear and was only trending significant in the upper tail of the distribution (i.e., forty years or more since graduation).
Discussion
W e found that the use of unicompartmental knee arthroplasty and total knee arthroplasty in a population of older Medicare beneficiaries increased from 2000 to 2009. Although unicompartmental knee arthroplasty accounted for only 4.5% of the knee-replacement procedures, the increase was more pronounced among patients managed with unicompartmental knee arthroplasty than for those managed with total knee arthroplasty. Patients who underwent total knee arthroplasty were slightly older and sicker than patients who underwent unicompartmental knee arthroplasty. Compared with patients who underwent total knee arthroplasty, those who underwent unicompartmental knee arthroplasty had shorter durations of stay, lower unadjusted rates of infection and thromboembolic events, and almost 2.5 times the rate of revision.
The use of unicompartmental knee arthroplasty increased more than sixfold from 2000 to 2009. Orthopaedic surgeons select unicompartmental knee arthroplasty to varying degrees, depending on the indication criteria that they use and their own preferences. Surgeons who adhered to the classic indication criteria described by Kozinn and Scott 4 were likely to perform a small number of unicompartmental knee arthroplasties 20 . We did not observe substantial changes over time in terms of patient characteristics, although the prevalence of obesity increased among men and was stable among women during the same period 21 . Thus, the observed increase in the use of unicompartmental knee arthroplasty may indicate a broadening of indications for the procedure over time. It is also possible that patient preferences for conservative medical management over surgical intervention changed, leading more patients to opt for unicompartmental knee arthroplasty at an earlier stage of arthritis. Consistent with previous studies 22, 23 , the use of total knee arthroplasty increased 1. Our findings support the reported observation that the rates of both total knee arthroplasty and unicompartmental knee arthroplasty were low in minority populations 24 . Black patients and patients of other races made up 8% and 4% of our general Medicare sample, respectively (data not shown), but accounted for only 5% and 3% of the total knee arthroplasty and unicompartmental knee arthroplasty populations, respectively. The data do not reveal the reasons for lower rates in minority populations; however, previous studies have suggested that causal factors relate to health literacy and preferences and differential referral by physicians 24 . The revision rate was higher for unicompartmental knee arthroplasty than for total knee arthroplasty after adjustment for measured patient and provider characteristics, consistent with the findings of multiple previous studies that have used hospital and registry data 10 . However, two studies have shown that the implant survivorship rates following unicompartmental knee arthroplasty and total knee arthroplasty are comparable 12, 13 . Although there are numerous reasons for revision following both unicompartmental and total knee arthroplasty, such as aseptic loosening, osteolysis, instability, and malalignment, we were not able to determine indications for revision, except for infection, in the present study. Progression of disease in other parts of the knee is an indication for revision that is unique to unicompartmental knee arthroplasty. Physicians and patients may tend to suggest and accept more revisions following unicompartmental knee arthroplasty when pain persists or function does not improve after the procedure with no identifiable causes of failure. For example, a surgeon may be more likely to recommend total knee arthroplasty if, after unicompartmental knee arthroplasty, the knee remains painful, even if clinical and radiographic workups do not identify technical failure or infection. The rate of implant removal because of 
infection did not differ between the two groups, despite our finding that the unicompartmental knee arthroplasty group had a lower rate of infection. This result may be explained by differences in the surgical treatment of infection between the two groups. We identified several predictors of revision in the total knee arthroplasty group. Graduation of the physician from medical school forty years or more before the operation was associated with a higher revision rate in this group. In the unicompartmental knee arthroplasty group, because of the smaller sample size, many predictors did not have significant associations except for increasing patient age. We were not able to identify any unique predictors for revision in the unicompartmental knee arthroplasty group.
Our study had several limitations. First, the study population did not represent all patients undergoing total knee arthroplasty and unicompartmental knee arthroplasty in the United States. Thus, the findings may not be generalizable to patients younger than sixty-five years old. Second, we do not have clinical information to determine indications for the procedures or to evaluate traditional outcome measures for knee arthroplasty, such as knee motion, pain, and the ability to walk independently. We also did not have information on manufacturers and models of knee-replacement devices. We used procedure codes to identify procedure type, but the data did not include unique device identifiers. Although the U.S. Food and Drug Administration is developing a unique device-identification system to track medical devices in administrative databases, medical records, and clinical registries, there currently is no established device-identification system or national joint-replacement registry in the United States. It is possible that one type of unicompartmental knee arthroplasty implant would compare more favorably to total knee arthroplasty in such a study. Finally, the assessment of comparative safety or effectiveness by procedure type is subject to potential residual confounding because we were unable to adjust for detailed clinical indications for procedures and the severity of arthritis. Lower complication rates in the unicompartmental knee arthroplasty group also may be explained by the less-invasive nature of the procedure 25, 26 . However, because patients who underwent unicompartmental knee arthroplasty generally had more limited arthritis and were slightly younger with less comorbidity, our inability to adjust for detailed clinical characteristics is likely to have underestimated the differences in the safety or effectiveness profiles of these procedures. Additional studies with detailed information about indications and disease severity are needed to define the ideal criteria for patient selection for unicompartmental knee arthroplasty and total knee arthroplasty and to confirm our findings.
